In Brief
Neuroblastoma is a pediatric tumor of peripheral neural tissue. Hackett et al. now link Arg1 and GABA with genetic susceptibility to neuroblastoma formation in mice. Expression of GABA genes correlates with survival in human tumors. GABA activation and ARG1 inhibition block the growth of neuroblastoma cells. These results identify therapeutic targets in neuroblastoma and suggest a role for these pathways in neural growth.
INTRODUCTION
Neuroblastoma, a common and deadly pediatric tumor of the peripheral nervous system, is derived from sympathetic neural progenitors that normally differentiate into postmitotic neurons. This tumor likely arises from disruption of growth pathways specific to the neural lineage, as mutations in canonical growth pathways seen in epithelial, glial, and hematopoietic tumors are rarely observed. Amplification of the MYCN proto-oncogene is a hallmark of high-risk neuroblastoma Schwab et al., 1984) , and a transgenic mouse model driven by MYCN develops tumors with histological and genomic characteristics of human neuroblastoma (Hackett et al., 2003; Weiss et al., 1997) . In this model, tumor incidence varies among mouse strains, with the strain FVB/N showing complete resistance to tumor formation.
In this study, we exploited this genetic variance to identify molecular pathways that drive neuroblastoma development. We first identified tumor susceptibility loci through classical genetic linkage mapping in genetically heterogeneous backcross mice. We next analyzed gene expression as a function of genetic variation to identify expression quantitative trait loci (eQTLs) in sympathetic superior cervical ganglia (SCGs) in these mice. We then used eQTLs localizing to tumor susceptibility loci to identify candidate tumor susceptibility genes. Liver arginase (Arg1), a component of both the urea cycle and the gammaamino butyric acid (GABA) biosynthetic pathway, was the strongest eQTL at the most prominent tumor susceptibility locus. Multiple genes and eQTLs involved in GABA neurotransmitter signaling were located at secondary susceptibility loci, providing an intriguing genetic link between this pathway and neuroblastoma biology. We validated this link using compounds targeting the ARG1-GABA pathway in human neuroblastoma cell lines. Nor-NOHA, an ARG1 inhibitor, inhibited the growth and viability of cells. More strikingly, activation of GABA-A signaling using a benzodiazepine derivative induced apoptosis and was associated with decreased activity of PI3K/AKT and MAPK signaling pathways, both of which play a central role in cell growth and survival. These data implicating arginine metabolism and GABA signaling in the pathogenesis of neuroblastoma present a combination of novel therapeutic targets. Additionally, the demonstration that the neurotransmitter GABA inhibits the growth of tumor cells derived from a neural lineage highlights an emerging role for neurotransmitters in regulating development of the peripheral nervous system.
RESULTS
The Penetrance of Neuroblastoma in TH-MYCN Mice Is Strain Dependent Transgenic mice were generated on a Balb/c 3 C57B6/J background with $10% incidence of tumors. After two backcrosses into strain FVB/NJ, tumor incidence decreased to zero (Figure S1A) . Conversely, tumor incidence increased steadily with each successive backcross into strain 129/SvJ, to $60% (Chesler et al., 2007) . The levels of transgene expression were similar between strains ( Figure S1B ).
We crossed resistant transgenic FVB/NJ mice to susceptible wild-type 129/SvJ. Four percent of F1 mice developed tumors, suggesting that resistance was dominant. To generate a genetically diverse population for linkage mapping, we backcrossed transgenic F1 animals to wild-type 129/SvJ mice. The incidence of tumors in the resulting N1 backcross generation was 38% (n = 203), with an average survival (109 days) identical to that of mice carrying the transgene in a pure 129/SvJ background ( Figure S1C ; Chesler et al., 2007) .
Linkage Analysis Identifies a Tumor Susceptibility Modifier on Chromosome 10
To identify genomic loci associated with tumor susceptibility, we genotyped 203 mice using a combination of microsatellite and SNP markers (Table S1 ). Interval mapping for linkage to tumor susceptibility produced a maximum LOD (log of odds) score on chromosome 10 at marker RS36323433 (LOD = 4.1, significant at a 5% genome-wide error rate). Interestingly, tumor susceptibility was strongly influenced by gender. Sex as an interacting covariate increased the LOD score to 4.9 (Figures 1A and 1B) . This locus was significant in male mice (LOD = 4.3, n = 82), but not in female mice. It may be relevant in this regard that neuroblastoma is slightly more prevalent in boys (1.3:1) than in girls (Hale et al., 1994) . Contrary to the expected allele segregation at this locus, heterozygous mice were tumor prone (55%), whereas mice homozygous for the 129/SvJ alleles were resistant (25% incidence; Figures 1C and S1D) . The absence of a single locus at which an FVB/N allele conferred complete resistance to tumor formation (a trait of FVB/N mice) suggested that the genetics underlying patterns of resistance and susceptibility in pure inbred strains is complex.
Since the segregation of genotypes with tumor susceptibility at the chromosome 10 locus did not match the patterns of tumor susceptibility in the parent strains, we next considered a more complex genetic model to explain susceptibility. A two-QTL test identified several loci that interacted with the chromosome 10 locus, with similar LOD scores (Figures 1D and 1E ; Table S2 ). Interestingly, although all of these loci interacted with the chromosome 10 locus, they did not interact with each other.
eQTL Analysis Identifies Arg1 as a Candidate Modifier The 95% confidence interval (CI) of the peak on chromosome 10 spanned 47 Mb and contained more than 281 genes, complicating identification of candidates. Hypothesizing that susceptibility to tumors may be governed by differential expression of genes within this locus, we compared mRNA expression levels in neural-crest-derived sympathetic SCGs from transgenic 129/SvJ and FVB/NJ male mice. We identified 9,819 genes that were differentially expressed genome-wide between the two strains ( Figure S1C ; Table S3 ), including 137 within the 95% CI for the chromosome 10 susceptibility locus (representing almost half of all genes within the locus). Surprisingly, when male and female 129/SvJ and FVB/NJ mice were compared, only six genes were differentially expressed between sexes. With the exception of a RIKEN clone on chromosome 2, all mapped to either the X or Y chromosomes ( Figure S1D ; Table S3 ), excluding gender-specific gene expression as a mechanism for the gender effect at the chromosome 10 locus.
Gene-expression levels can be influenced by complex interactions among cis-and trans-acting factors. Such factors can be distinguished by identifying eQTLs, which involves generating a genetically heterogeneous population (such as our backcross population), measuring gene-expression levels, and treating the expression level of each gene as a quantitative trait for subsequent linkage mapping (Brem et al., 2002; Schadt et al., 2003) . Through this method, cis-and trans-acting alleles that influence gene expression are decoupled from each other, and genes whose differential expression is due to cis-acting factors at a locus can be distinguished from genes under the control of trans-acting factors at other loci. Genes with eQTLs overlapping with QTLs for physiological phenotypes have been shown to control these phenotypes (Schadt et al., 2003; Yang et al., 2009) . Therefore, we utilized this technique to identify eQTLs within our chromosome 10 locus, as well as at the numerous other secondary loci identified in the two-QTL tumor susceptibility analysis.
We measured mRNA expression levels in 116 SCGs from the backcross population and tested for linkage between geneexpression levels and germline genetic variation. We identified 342 eQTLs acting both locally and on other chromosomes (Table S4 ). Four eQTLs mapped to the susceptibility locus on chromosome 10, with Arg1 (liver arginase) showing the strongest eQTL. When this measurement was refined by interval mapping, Arg1 expression was linked to a QTL at chromosome 10 with a LOD score of 18.2 (Figure 2A ). Mice heterozygous at that locus had almost 2-fold higher expression of Arg1 compared with mice homozygous for the 129/SvJ allele ( Figures 2B and S2A ). Of the four eQTLs that mapped to the locus, the Arg1 eQTL overlapped most directly and with the highest LOD score ( Figures  S2B and S2C ), making Arg1 our top candidate gene ( Figure 2C ; Table 1 ). Notably, among 137 genes differentially expressed at the chromosome 10 locus in parental strains, only four, including Arg1, showed significant eQTL mapping to the locus (Table S4 ). These data suggest that the differential expression of the other genes in the parents was due in part to trans-acting factors, illustrating the power of eQTL analysis for dissecting control of gene expression at a genetic locus and filtering candidate genes.
eQTLs for GABA-Related Genes Map to Secondary Susceptibility Loci We next looked for eQTLs that mapped to secondary tumor susceptibility loci that interacted with the chromosome 10 locus. We noted eQTLs for genes related to GABA neurotransmitter signaling at two of the loci (Table 1) . Notably, a trans eQTL on chromosome 2 controlled expression of the Gabra3 receptor subunit on the X chromosome ( Figures 3A-3C ). This eQTL overlapped directly with the secondary susceptibility locus on chromosome 2 ( Figure S3A ; Table 1 ). Mice harboring alleles resulting in high Arg1 expression and low Gabra3 expression showed the strongest susceptibility to tumors ( Figure 3C ). Similarly, an eQTL Table S2 . (E) Circos plot illustrating the two-way interactions shown in (D). Pairs of loci with an LOD > 6 are connected. See also Figure S1 and Table S1 .
Cell Reports 9, 1-13, November 6, 2014 ª2014 The Authors 3 for the GABA transporter Slc6a1 ( Figures 3D-3F ) mapped to a secondary susceptibility locus on chromosome 4 ( Figure S3B ; Table 1 ), though the gene was on chromosome 6. We noted that the differences in gene expression of Gabra3 and Slc6a1 were also apparent in the parental strains ( Figures S3C and  S3D ). The overlap of Gabra3, Slc6a1, and Arg1 eQTLs with primary and secondary susceptibility loci is illustrated genomewide in Figure 3G .
We next investigated secondary susceptibility loci that lacked GABA-related eQTL candidates, and found several GABArelated genes that mapped within 10 Mb of susceptibility peaks. The locus on chromosome 1 (LOD 7.8) flanked by markers RS5056599 (116 Mb) and D1MIT1001 (131 Mb, LOD 7.8) lies in close proximity to Dbi (diazepam binding inhibitor, 122 Mb), a gene that modulates GABA receptor activity (Gray et al., 1986) . Similarly, the locus on chromosome 9 centered near 117 Mb (D9MIT201, LOD 7.9) is 4 Mb from the Trak1 gene, which encodes a trafficking factor that modulates GABA receptor homeostasis (Gilbert et al., 2006) . The locus on chromosome 7 centered at 144 Mb (RS13479509, LOD 6.4) is 4 Mb from ornithine aminotransferase (Oat), which converts ornithine to Tables S3 and S4. glutamate (the substrate for GABA synthesis). Finally, the locus on chromosome 17 centered near 35 Mb (D17MIT231, LOD 6.7) is 2 Mb from the GABA-B receptor 1. Altogether, at least six secondary susceptibility loci colocalized with genes in the GABA pathway or eQTLs that controlled these genes (Table 1) .
Expression of GABA Pathway Genes Identified by Linkage and eQTL Analysis Predicts Survival in Neuroblastoma
We next investigated whether expression of ARG1 and the GABA pathway genes correlated with outcomes in human neuroblastoma. We analyzed a database of gene-expression profiles of human neuroblastoma samples (Asgharzadeh et al., 2006 ; available at http://home.ccr. cancer.gov/oncology/oncogenomics). Strikingly, all of the genes in the GABA pathway that either mapped to tumor susceptibility loci or were controlled by eQTLs at these loci showed a significant correlation with survival ( Figures 4A-4F ). ARG1 did not show a strong correlation with survival in human neuroblastomas ( Figure 4G ). However, the population was relatively homogeneous with respect to ARG1 expression ( Figure 4H ), hindering our ability to segregate tumors based on expression levels.
Inhibition of ARG1 Decreases the Viability of Human Neuroblastoma Cells
The higher-expressing Arginase allele that confers tumor susceptibility is nested within an overall resistant genetic background in purebred mice (either FVB/NJ or FVB/NJ 3 129/SvJ F1). The allelic variation in secondary loci (harboring components of the GABA pathway) only showed an effect in combination with alleles at other loci. This genetic complexity precluded validation in vivo. Therefore, we used an in vitro approach to test whether these biochemical pathways have relevance to human tumor biology. Since little is known about the role of these pathways in regulating cell growth and thus there is little basis for identifying the specific downstream pathways involved, we assessed the effect of compounds targeting this pathway on overall growth and viability.
We detected ARG1 by western blot across a panel of human neuroblastoma cell lines ( Figure 5A ). We treated two lines, Kelly and CHP-126, with the reversible arginase inhibitor nor-NOHA (N-Omega-hydroxy-nor-arginine) (Tenu et al., 1999) to test whether inhibition of arginase could impair tumor growth. Viability was decreased in CHP-126 and Kelly cells across a range of doses from 1 mM to 100 mM ( Figure 5B ). Since nor-NOHA is not a particularly potent inhibitor in neuroblastoma cell lines, we next tested small interfering RNA (siRNA) against ARG1. ARG1 siRNA induced a significant decrease in growth, an increase in the apoptotic markers Annexin V and cleaved PARP, and reduced levels of phosphorylated AKT and ERK, both of which are central components of mitogenic signaling pathways ( Figures  5C and S4B) . We next tested whether overexpression of ARG1 had the opposite effect. While overexpression alone did not produce a notable effect on growth, it did increase levels of phosphorylated AKT and ERK, and partially rescued the inhibitory effect of the benzodiazepine QHii066 (described below) ( Figures 5D and S4C) . We conclude that ARG1 expression modulates viability and proliferation in human neuroblastoma cells.
GABA-A Activation Induces Apoptosis in Neuroblastoma
We next investigated the role of GABA signaling in the control of cell growth and survival. GABA-A and GABA-B receptors were detected in all cell lines tested ( Figures 5A and S4A ). To assess whether modulation of this pathway influenced cell growth and survival, we treated cells with a potent and selective GABA-A receptor agonist, QHii066, a benzodiazepine derivative Huang et al., 2000) . QHii066 slowed cell growth and induced apoptosis in a dose-dependent fashion in both LAN-5 ( Figure 5E ) and Kelly ( Figure S4D ). Immunoblotting revealed increased PARP cleavage and reduced the abundance of phosphorylated AKT and ERK in cells treated with QHii066. Flow cytometry demonstrated G 0 /G 1 arrest (Figure S4E ). These data suggest that specific activation of the GABA-A receptor decreases cell viability, induces apoptosis, and suppresses growth and survival signaling pathways in neuroblastoma cell lines.
DISCUSSION
The pathways that regulate development of the peripheral nervous system are distinct from those that control other cell types. As a consequence, common genomic aberrations that drive tumorigenesis in epithelial, hematopoietic, and glial tumors rarely show abnormalities in neuroblastoma, a tumor of the sympathetic peripheral nervous system. Genetic analysis in humans and model systems has been key for identifying mechanisms that drive the disease. Here, we used a genetically engineered mouse model for neuroblastoma to uncover a signaling pathway relevant to human disease. Although the influence of strain background on tumor penetrance is frequently observed in mouse models of cancer, few genes underlying this susceptibility have been identified (Crawford et al., 2008a; Ewart-Toland et al., 2003; MacPhee et al., 1995; Mao et al., 2006; Park et al., 2005; Wakabayashi et al., 2007) , mostly due to the limited resolution of quantitative trait linkage mapping. Analysis of gene expression as a function of genotype (i.e., treating gene-expression levels as heritable traits and performing linkage analysis) has facilitated the identification of genes underlying physiological variation (Brem et al., 2002; Schadt et al., 2003; Yang et al., 2009) . eQTL analysis has identified several genes that modify tumor susceptibility in mouse models of cancer (Crawford et al., 2008b; La Merrill et al., 2010; Quigley et al., 2009 ). In the current study, eQTL analysis of the peripheral nervous system identified Arg1 as a candidate neuroblastoma modifier gene at chromosome 10, as well as a particularly prominent eQTL on chromosome 2 that governs the expression of a GABA-A neurotransmitter receptor subunit in trans on the X chromosome (a phenomenon that would have been missed by conventional analysis of candidate genes at the susceptibility loci). Numerous other susceptibility loci overlapped with other GABA-related genes, suggesting a mechanism for the pattern of genetic linkage to tumor susceptibility, and implicating an interaction between upregulation of arginase activity and downregulation of GABA receptors as cooperating mechanisms that promote susceptibility to tumors.
Although Arg1 is associated with the urea cycle in liver, expression of Arg1 in sympathetic nerve ganglia (Yu et al., 2003) that do not carry out the urea cycle suggested a role in other biochemical pathways. In neurons, Arg1 is part of the GABA synthesis pathway, which produces ornithine, a precursor of glutamate and GABA. The biochemical link between Arg1 and the GABA pathway potentially explains the unique genetic pattern of several secondary loci interacting with a single gene/ locus. Only one cytoplasmic arginase gene exists (Arg1). However, the GABA signaling pathway may be perturbed at numerous genomic loci, including several components of the GABA-A receptor, genes for which are dispersed throughout the genome. Thus, in a genetic model involving perturbation of arginase and GABA signaling, many GABA-related genes could interact with the single Arg1 gene on chromosome 10 with similar effects (disrupting two connected pathways), while GABA genes may not interact with each other (as multiple disruptions would have redundant effects on the same pathway). This model is consistent with the pattern of genetic interactions we observed in our system. Several downstream outputs of the arginase pathway could account for increased expression of Arg1 predisposing mice to tumors. Arginase may act as an immunosuppressant (Bak et al., 2008; Yachimovich-Cohen et al., 2010) or alter levels of nitric oxide synthases (Ciani et al., 2004; Jenkins et al., 1995) . It may also alter levels of ornithine, the substrate for polyamine synthesis, which has been linked to tumorigenesis (Gerner and Meyskens, 2004) and neural proliferation (Huang et al., 2007) . The rate-limiting polyamine synthetic enzyme ornithine decarboxylase (ODC) is a well-established target for MYCN (BelloFernandez et al., 1993) . ODC inhibitors inhibit neuroblastoma development in vitro and in TH-MYCN mice (Hogarty et al., 2008; Koomoa et al., 2008) , and are currently in clinical trials for neuroblastoma (http://clinicaltrials.gov/show/NCT01586260). Ornithine is also a substrate for synthesis of glutamate and GABA. Notably, ornithine aminotransferase (Oat), which converts ornithine to glutamate, maps to a susceptibility locus on chromosome 7 (Table 1) . Since GABA inhibits neuronal growth and promotes differentiation (Andä ng et al., 2008) , at least one ultimate output of Arg1 activity (GABA) could inhibit both the induction and further growth of tumors, driving selection for secondary genetic lesions that disable this pathway.
Although Arg1 activity has not been studied extensively in cancer, inhibition of arginase has been shown to disrupt the growth of breast cancer cells (Singh et al., 2000) . Arginase expression has also been linked to neuronal viability. Clinically, ARG1 mutations cause arginemia, which is characterized by neurodegeneration (OMIM 207800). Although it has been speculated that this neurodegeneration is caused by hepatic production of neurotoxic metabolites (De Deyn et al., 1991; Deignan et al., 2008) , our data, coupled with the detection of Arg1 expression in neural tissues (Yu et al., 2001 (Yu et al., , 2002 (Yu et al., , 2003 , suggest that Arg1 may be involved in growth and survival signaling in neuroblasts, and inhibition of Arg1 may have an intrinsic cytotoxic effect in neurons and neuroblastoma cells.
The observation that mice with lower expression of GABA-A receptor subunits are tumor prone is consistent with GABA's known role in neuronal cell growth and differentiation (Andä ng et al., 2008; Le-Corronc et al., 2011) , and suggests that the association of downregulation of GABA-A receptors with aggressive human neuroblastomas has biological significance (Roberts et al., 2004) . However, since the receptor is formed as a pentameric combination of 19 possible subunits with changing expression patterns and biological roles (Le-Corronc et al., 2011) , testing this hypothesis is not straightforward. GABA signaling negatively regulates the growth of neural crest (G) Genome-wide plot of LOD scores for the Gabra3 (green), Slc6a1 (blue), and Arg1 (orange) eQTLs, and tumor susceptibility for a single-locus model (red) and the combined effect of the peak of the chromosome 10 locus plus points across the rest of the genome (gray), showing correspondence between eQTL peaks and primary and secondary susceptibility loci. 2D plots for Gabra3 and Slc6a1 are shown in Figure S3 . See also Figure S2 and Table S4. stem cells (Andä ng et al., 2008) . In our hands, neuroblastoma cells expressing the GABA-A receptor showed decreased viability, increased apoptosis, and diminished activity of mitogenic signaling pathways in response to GABA-A activation, supporting a role of GABA signaling in tumor cell growth and survival.
Neuroblastoma is a common pediatric tumor with a unique biology, making the development of novel targeted therapeutics problematic. As a result, improvements in clinical outcomes have been modest over the last several decades. Familial studies have identified genes that drive neuroblastoma, such as ALK (Janoueix-Lerosey et al., 2008; Mossé et al., 2008) and PHOX2B (Mosse et al., 2004; Trochet et al., 2004) , in a subset of human cases. Conversely, high-powered genome-wide association studies (Capasso et al., 2009; Diskin et al., 2012; Nguyen et al., 2011; Wang et al., 2011) have succeeded in identifying numerous genes that confer a slightly increased risk for the disease. However, the complexity of the disease has confounded the search for druggable pathways. This complexity is illustrated by the current study. We observed a stark variation in tumor susceptibility between two closely related laboratory mouse strains in a relatively tightly controlled model system. Although it is seemingly straightforward, genetic analysis of this variation revealed a strikingly complex system of genetic interactions that required an intensive genomic analysis to decipher. While aggregated genetic evidence implicated the GABA pathway, none of the components were strong enough to be detected alone without an additional genetic interaction, in a well-controlled model system with limited genetic variability compared with human studies. Although the current study was successful in identifying a pharmacologically tractable pathway for therapeutic intervention, it illustrates the difficulty of identifying and characterizing the complex biochemical pathways that influence tumor development.
Arginase inhibitors are under investigation for highly prevalent diseases such as hypertension (Durante et al., 2007) . Even more encouragingly, QHii066, the GABA agonist used in this study, is closely related to the benzodiazepine diazepam (Valium), with a similar mechanism of action. The findings that GABA is implicated in neuroblastoma growth and that a benzodiazepine derivative can induce apoptosis raise the possibility that numerous clinically approved drugs used in neurology and psychology can also be used as chemotherapeutic agents. These results also highlight a possible connection between the role of neurotransmitters in nervous system development and the regulation of neuroblastoma growth.
EXPERIMENTAL PROCEDURES Mice
All mice were obtained from The Jackson Laboratory and were housed and treated in accordance with UCSF IACUC guidelines. Backcross mice were generated by crossing TH-MYCN transgenic FVB/N mice to wild-type 129/SvJ and subsequently crossing F1 offspring to wild-type 129/SvJ. Mice were observed for at least 1 year before they were considered tumor free. Tumor-negative backcross mice were followed until 1 year of age (the latest tumor was detected at 342 days). SCGs were surgically isolated and snap-frozen in liquid nitrogen. SCGs were isolated from parental control groups at 21 days.
Taqman Analysis of Transgene Expression
Taqman expression analysis was performed on six mice (three female and three male) from each strain. Proprietary assays for human MYCN and controls L18 and mGUS were obtained from Applied Biosystems. MYCN relative to mGUS is shown in Figure S1B .
Genotyping DNA was isolated from spleen tissue using a proteinase K lysis followed by phenol chloroform extraction. Microsatellite marker genotyping was carried out by the Marshfield Clinic (Marshfield, WI) and CIDR (Baltimore, MD). SNP genotyping was performed using template-directed primer extension with fluorescence polarization detection (FP-TDI [Hsu et al., 2001] , Acycloprime II; Perkin Elmer) and SNPStream (Bell et al., 2002) 48-plex (Beckman Coulter). Markers and map positions are shown in Table S1 . The marker set had an average spacing of 8 Mb genome-wide (excluding the high density of markers on chromosome 10).
Linkage Analysis
Interval mapping was performed using the R/qtl (Broman et al., 2003) package in the R statistical language. Genotypes flagged as probable errors by R/qtl were discarded. The genetic map positions were determined using the physical map positions (NCBI 37/mm9) followed by re-estimation of the map using R/qtl, and likely mismapped markers were discarded. Linkage analysis was performed on a 1 cM grid. Genome-wide significance thresholds were determined by running 1,000 permutations for each data set. Interval analysis was performed using the binary mode of the ''EM'' model. All results reported as significant were significant at a 5% genome-wide error rate, and 95% CIs were determined using the lodint function in R/qtl. Genes within the CIs were determined by counting all genes in the UCSC genome assembly mapping between markers flanking the 95% CI.
Expression Arrays
We isolated RNA from SCGs using the RNeasy kit (QIAGEN) because we found that the buffers in this kit were more effective at disrupting the ganglia than Trizol. We used 1 mg of RNA as a starting template for the RiboMinus rRNA subtraction (Invitrogen), followed by the ST labeling protocol (Affymetrix). Labeled samples were hybridized to Affymetrix Mouse Exon 1.0 arrays. Array quality control was performed using the Affymetrix Expression Console. Twoway comparisons between homogeneous groups (e.g., male versus females or 129/SvJ versus FVB/N males) were performed using the SAM package (Tusher et al., 2001 ) with a 5% false discovery rate (FDR). Results are presented in Table S3 and plotted in Figures S1C and S1D. eQTL Analysis Arrays were normalized using RMA in the XPS package (http://www. bioconductor.org/packages/2.6/bioc/html/xps.html). eQTLs were calculated as described previously (Quigley et al., 2009) . Briefly, linkage between gene expression and loci was assessed by linear regression, and genome-wide significance was assessed using a FDR-based method.
Cell Lines and Reagents
Neuroblastoma cell lines were obtained from ATCC. Cells were grown in RPMI media with 10% fetal bovine serum and antibiotics, with the exception of SK-N-BE(2) (Dulbecco's modified Eagle's medium [DMEM]/F12, 10% serum) and IMR-32 (DMEM, 10% serum plus nonessential amino acids). Nor-NOHA 
Western Blotting
Equal amounts of total protein were loaded for 4%-12% SDS-PAGE and transferred to nitrocellulose membranes. After blocking, the membranes (E) LAN-5 cells were treated with the GABA-A agonist QHii066 for 3 days. Cell viability, apoptosis, and protein markers were measured as in (C). In (B)-(E), the data shown are mean ± SD of triplicate measurements. NS, not significant versus control/vehicle using Student's t test; *p < 0.05, ***p < 0.001. See also Figure S4 .
were blotted with ARG1 (R&D Systems), GABA B R1, Erk (Santa Cruz Biotech), GABA A Rb2/3, GABA B R2, b-tubulin (Millipore), cleaved-PARP (Asp214), p-Akt (Ser473), Akt, pErk (Thr202/Tyr204) (Cell Signaling Technology), and GAPDH (Upstate Biotechnology). Antibodies were detected with horseradish peroxidase-linked anti-mouse, anti-rabbit (Amersham/GE), or anti-sheep immunoglobulin G (Calbiochem/EMD) followed by enhanced chemiluminescence (Amersham/GE).
siRNA Transfection Control siRNA (Santa Cruz Biotechnology) and Arg1 siRNA (Dharmacon) were transfected using Lipofectamine 2000 (Invitrogen). Cells were harvested for analysis after 72 hr.
Retroviral Transduction
Human ARG1 cDNA was obtained from the I.M.A.G.E. Consortium, cloned into pENTR4 vector (Invitrogen), and then subcloned into a GATEWAYcompatible pBABE vector. To generate retrovirus, the packaging cell line HEK293T was cotransfected with pBABE vector or pBABE-ARG1, along with plasmids expressing gag/pol and vesicular stomatitis virus glycoprotein, using Effectene transfection reagent (QIAGEN). At 48 hr posttransfection, the viral supernatants were filtered and used to infect cells. LAN-5 and Kelly cells were transduced and selected for 2 weeks with 0.5 mg/ml puromycin. Cells were harvested for analysis after 72 hr of subsequent treatment.
Viability
Cells were seeded in 12-well plates and treated as indicated for 48 hr. Viability was determined using the WST-1 assay (Roche) and analyzed by spectrophotometric analysis (absorbance at 450 nm) after 60 min.
Flow Cytometry
Cells were plated on six-well dishes and treated as indicated for 24 hr. They were then harvested, fixed in 70% ethanol for 30 min, and stained with 5 mg/ml propidium iodide containing 125 U/ml RNase. All samples were analyzed on a FACSCaliber flow cytometer (Becton Dickinson) and DNA histograms were modeled offline using ModFit-LT (Verity Software). Apoptosis was detected by flow cytometry for annexin V-FITC (Annexin V-FITC Detection Kit; BioVision) according to the manufacturer's protocol, using FlowJo software (Tree Star).
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